The mechanism underlying a dose-dependent, reversible increase in serum creatinine (SC) caused by the administration of PA-824, a novel nitroimidazo-oxazine, was evaluated in 47 healthy male and female volunteers. Subjects were administered either 800 or 1,000 mg PA-824 or matching placebo once daily for 8 days. The following renal function parameters were determined before and during dosing and after a 7-day washout: SC, glomerular filtration rate (GFR; measured as the iohexol clearance), effective renal plasma flow (ERPF; measured as the para-amino hippurate clearance), filtration fraction (FF), creatinine clearance (CrCl), extraglomerular creatinine excretion (EGCE; defined as CrCl minus GFR), blood urea nitrogen (BUN), and uric acid (UA) levels. Eight days' administration of 800 or 1,000 mg PA-824 was associated with increased SC and a trend toward decreased CrCl and EGCE. SC, CrCl, and EGCE values returned to normal/baseline within 1 week's washout. GFR, ERPF, FF, BUN, and UA values were similar across groups during treatment and washout. The reversible increase in SC observed in this and earlier trials of PA-824, thus, did not appear to be the result of a pathological effect on renal function (as measured by GFR, ERPF, FF, BUN, or UA). Pharmacokinetic analyses confirmed that PA-824 exposures were similar to those in previous healthy-volunteer clinical studies. That EGCE declined maximally when drug levels were highest suggests that PA-824 causes creatinine levels to rise by inhibiting renal tubular creatinine secretion. Such an effect, considered clinically benign, has been described for several marketed drugs.
PA-824 is a new chemical entity member of the class of compounds known as nitroimidazo-oxazines. PA-824 possesses significant antitubercular activity and a unique mechanism of action. Nonclinical studies of PA-824 highlighted important properties that may result in significant improvements in tuberculosis (TB) treatment. PA-824 demonstrated in vitro activity against both drug-sensitive and multidrug-resistant strains of TB and in vivo activity in a mouse model of TB (9, 11) . In initial clinical studies to assess pharmacokinetics, safety, and tolerability in healthy volunteers, consistent, dose-dependent, and reversible elevations in serum creatinine (SC) were observed (4) . Any one of several mechanisms could account for an increase in SC, including increased protein catabolism, reduced glomerular filtration rate (GFR), change in effective renal plasma flow (ERPF), and the inhibition of creatinine secretion by the renal proximal tubules. In subjects with normal renal function, the tubular secretion of creatinine can represent up to 40% of the total renal clearance of creatinine (10) . A number of drugs, including pyrimethamine (1, 12) , cimetidine (5, 8) , and trimethoprim (7, 14) , increase SC as a result of the clinically benign process of reducing tubular creatinine secretion, usually through competitive inhibition rather than through a pathological process that results in reduced GFR and/or effects on ERPF. Reliable markers of renal function, including monitoring iohexol and para-amino hippuric acid (PAH) clearance, have been developed for the determination of GFR and ERPF, respectively (2, 6 ).
The present study was designed to ascertain whether the observed effect of PA-824 on circulating creatinine is of clinical significance relative to renal function. To assess possible mechanisms, the study was designed to measure effects on GFR, ERPF, filtration fraction (FF), creatinine clearance (CrCl), extraglomerular creatinine excretion (EGCE), blood urea nitrogen (BUN), and uric acid (UA) levels that might result from the repeated administration of PA-824.
MATERIALS AND METHODS

Study design.
A phase I clinical study was conducted to evaluate effects on renal function of 8-day daily dosing of PA-824. Safety, tolerability, and pharmacokinetics (PK) of PA-824 also were evaluated. This study, conducted at the DaVita Clinical Research Unit in Minneapolis, MN, was a double-blind, placebo-controlled, ascending, multiple-dose study in healthy adult male and female volunteers. Renal function was assessed by determining the effects of PA-824 (compared to those of a placebo) on GFR, ERPF, FF, CrCl, EGCE, BUN, and UA.
The key indicators for renal function parameters were measured on days 5 and 8 of dosing and at the end of a 7-day washout period and were compared to baseline measures. To determine the effects of 8-day daily oral PA-824 dosing on GFR and ERPF, iohexol (3) and PAH (13) clearance, respectively, were determined during these specified time periods. The effect of 8-day daily oral PA-824 dosing on FF was determined by calculating the GFR/ERPF ratio for the specified time periods. CrCL was calculated from SC levels and 24-h urine creatinine (UC) excretion during the specified time periods by the equation CrCl ϭ (UC ϫ urine volume)/SC. A final renal function parameter was calculated as the difference between CrCl and GFR, which represents the proportion of excreted creatinine not removed from the blood by glomerular filtration; this is denoted here as EGCE. GFR, ERPF, CrCl, and EGCE then were adjusted (corrected) according to the subject's body surface area; data are expressed in nominal units of milliliters per minute per 1.73 m 2 to reflect this adjustment. A total of 47 subjects were enrolled in three cohorts staggered over time and randomized within each cohort to either PA-824 or matching placebo in an approximate 2:1 ratio. The first two cohorts of subjects (n ϭ 16 for cohort 1; n ϭ 15 for cohort 2) were dosed with 800 mg/day PA-824 or matching placebo; the third cohort (n ϭ 16) was dosed with 1,000 mg/day PA-824 or matching placebo. Subjects were administered oral doses of PA-824 once daily, after an overnight fast, for 8 days. Subjects were housed in the clinic facility from the evening of day Ϫ3 (3 days before dosing) through day 9. Subjects returned on days 10, 11, and 12 for washout PK blood draws and on day 15 for a 24-h follow-up visit. Therefore, the total study duration for each subject from check-in through study termination spanned 19 days.
Subjects. Healthy male and female volunteers were recruited for this study. Subjects were aged 19 to 50, and none was deemed by the principal investigator to have any clinically significant findings at study baseline in the medical history, clinical laboratory results, 12-lead electrocardiograms (ECGs), or physical examination. Entry criteria for this study were fundamentally the same as those for the studies summarized in the companion paper published in this issue (4) . In brief, with the exception of hormonal contraceptives for women, subjects were excluded if they had taken any prescription or over-the-counter medication within 7 to 14 days of dosing or any of a variety of specific drugs with known significant side effects within 30 days of dosing. All study protocols and consent forms were reviewed and approved by an institutional review board constituted and operating per the U.S. Code of Federal Regulations. All subjects provided written informed consent prior to the initiation of the study. Subject safety was assessed by means of urinalysis and blood clinical laboratory tests (Table 1) , 12-lead ECGs, physical exams and vital signs measurement, and the self reporting of adverse events (AEs) and regular direct AE query. All aspects of subject safety assessment were done at frequent intervals before, during, and after dosing.
PK and pharmacodynamic (PD) sampling. Plasma samples for PK analysis were collected before dosing each day during the treatment period (i.e., days 1 through 8) on the following schedule: 1, 2, 3, 4, 5, 6, 7, 8, 12 , and 16 h after dosing on days 1 and 8; 24, 30, and 36 h after the day 8 dosing (i.e., during day 9); approximately 48, 72, and 96 h after the day 8 dosing (i.e., on days 10, 11, and 12); and during the follow-up visit on day 15 or on early withdrawal from the study. Additionally, for subjects in all cohorts except cohort 1, blood samples for PK were drawn on day 5 at 1, 2, 3, 4, 5, 6, 7, 8, 12 , and 16 h after dosing. Blood and urine samples also were collected for measurement of iohexol, PAH, and CrCL before dosing and on days 5, 8, and 15 (Table 1) .
Bioanalytical methods. Blood samples were processed, stored, and analyzed as described in the companion paper (4) .
PK and PD analyses. PK parameters were analyzed for treatment and gender effects by the analysis of variance of PK data following a single dose (on day 1) and multiple doses (on day 8). The model included factors to assess the comparative effects of the two treatment groups, gender, and the relationship between gender and each treatment group (treatment-gender).
PD parameters each were analyzed separately by using an analysis of covariance (ANCOVA) model with the baseline as a covariate and treatment visit (i.e., study day), the treatment-visit interaction, and gender as factors.
All subjects that received at least one dose of the study drug were included in the PD analyses: 46 subjects for day 5 and day 8 analyses and 45 subjects for day 15 analyses. All 31 PA-824 subjects were included in the PK analyses.
RESULTS
Demographics and subject disposition. A total of 47 subjects were enrolled into the study in three separate cohorts enrolled sequentially. The PA-824 dose was 800 mg/day in the first two cohorts and 1,000 mg/day in the third cohort. Overall, 16, 21, and 10 subjects received placebo, 800 mg/day PA-824, and 1,000 mg/day PA-824, respectively. Of the 47 subjects enrolled, 45 subjects completed the study. One placebo female subject dropped out of the study on day 4 for personal reasons, and one female subject taking 1,000 mg/day was discontinued because of an AE (see the section on safety parameters). Further details are shown in Table 2 .
PK parameters. The daily administration of 800-mg and 1,000-mg tablets of PA-824 resulted in rising daily trough (C min ) PA-824 levels until steady state was achieved (by day 7 or 8 for the majority of subjects), as shown in Fig. 1 and Table  3 . Similar mean plasma concentrations were observed for each dose group following dosing through day 4. By day 8, the C min , C max (maximum concentration observed), and area under the concentration-time curve (AUC) all were 20 to 25% higher in the 1,000-mg/day group than in the 800-mg/day group (Table  3) . However, the rates of absorption and elimination were similar in the two groups, as evidenced by comparable T max (time at which C max occurs) and t 1/2 (half-life) values. PA-824 exposure was higher in females than in males after repeated administration. On day 8, C max values were 3.4 and 2.7 g/ml (P ϭ 0.0522) for females and males, respectively, and AUC values were 64.3 and 48.6 g ⅐ h/ml (P ϭ 0.0158) for females and males, respectively. Moreover, the median t 1/2 was substantially lower for male subjects (14.9 h) than for female subjects (19.2 h) (P ϭ 0.0034). This longer median half-life in female subjects may explain the greater PA-824 AUCs observed in females. T max values did not differ by gender. PD parameters. Placebo subjects from the three cohorts were pooled prior to performing any statistical analysis between active and placebo groups. To determine whether there was a cohort effect among placebo subjects, an analysis of variance was performed to compare data for each PD parameter across the placebo subjects from the three cohorts. Intercohort differences were well within what would be expected by chance, and no temporal trends were observed among the three placebo groups. Therefore, the data from placebo subjects from all three cohorts were pooled for all PD analyses.
Each PD parameter was compared between the subjects treated with PA-824 and those treated with placebo. The principal questions of interest focused on the overall treatment effect, whether the temporal response pattern for each variable during the 15 days of study was similar for the three treatment groups, and whether there was any gender-treatment interaction. While other factors associated with gender also were included in the statistical model (gender-visit interaction and gender-treatment-visit interaction), no gender-related factor (with the exception of BUN and UA levels) suggested that gender was an important factor in interpreting the results of this study (P Ͼ 0.14 in all cases). The gender differences seen in BUN and UA levels reflect the known gender differences typically seen in these parameters.
The sections below discuss the results for each renal function parameter in terms of changes from the baseline value. Table  4 provides absolute baseline values for each renal parameter measured in this study from which the change-from-baseline data were computed. The baseline values shown in this table appear to be similar across treatment groups, except for FF and EGCE, both of which are computed from other parameters.
SC levels in the placebo group remained constant throughout the 15-day study period, as shown in Fig. 2 and Table 5 . In contrast, the mean SC levels for both PA-824 dose groups progressively increased from baseline to day 5 to the last day of dosing (day 8). Between baseline and day 8, levels rose on average by 0.18 mg/dl (19%) and 0.25 mg/dl (27%) in the 800-and 1,000-mg/day groups, respectively; the largest individual increase was approximately 40% above the baseline level. After dosing was completed on day 8, SC levels returned to baseline by day 15. An ANCOVA model was used to compare results across visit and treatment groups, with the results confirming clear effects for treatment, visit, and the treatment-visit interaction (P Ͻ 0.0001 for each).
Taken together, these findings confirm the PA-824-induced SC elevation seen in previous phase I clinical studies (4). In the current study, data for each PD parameter (i.e., GFR, ERPF, FF, CrCl, EGCE, and BUN and UA levels) were examined using an ANCOVA model analogous to that used to analyze the SC data. For each PD parameter, the mean change-frombaseline values on day 8, when PA-824 plasma levels were maximal, were not dramatically different for subjects treated with PA-824 compared to those treated with placebo, as shown in Table 5 . A similar pattern was noted after 5 days of dosing (not shown).
Minor statistical differences between the groups treated with PA-824 and the groups treated with placebo were seen for CrCl at days 5 and 8, GFR and FF at day 15, and EGCE at day 8. Mean CrCl values for each treatment group dropped somewhat by day 5, continued to drop through day 8, and returned to baseline at day 15 (Fig. 3a) . These changes are consistent with the demonstrated effect of PA-824 on circulating creatinine levels and the fact that UC values did not change over time between the dose groups. The lack of change in UC values indicates overall appropriate 24-h urine collection procedures, which are essential for interpreting the CrCl findings.
For GFR, the mean day 15 change-from-baseline values were different between the 800-mg PA-824 and placebo groups (Ϫ6.44 and 1.54 ml/min/1.73 m 2 , respectively; P ϭ 0.0523) and between the 1,000-mg PA-824 and placebo groups (13.83 and 1.54 ml/min/1.73 m 2 , respectively; P ϭ 0.0047); the lack of a dose response likely reflects variability in the measure as opposed to any effects of PA-824. Change-from-baseline values for GFR for the three treatment groups on days 5, 8, and 15 are shown in Fig. 3b . The FF differences from baseline seen at day 15 reflect the noted GFR differences, since FF is calculated as GFR/ERPF (data not shown). None of these changes is believed to be clinically meaningful.
EGCE values (calculated as the difference between CrCl and GFR) decreased modestly during the treatment, showing a maximal decrease at day 8 that reversed essentially to baseline by day 15, consistently with changes in CrCl levels (Fig. 3c) . This pattern was similar for all treatment groups, although group comparisons showed modest differences between the PA-824 groups and placebo groups on day 8 (Table 5 ).
To further probe the possible impact of PA-824 treatment on renal function, PA-824 subjects were grouped not by dose level but by the degree of creatinine elevation. This approach was based on the logic that the subset of subjects with the greatest elevation in SC provides the best opportunity to rigorously query whether PA-824 affects other parameters of renal function. A Ն15% change in SC level from baseline was selected as potentially clinically meaningful. Therefore, data for PA-824-treated subjects were grouped for further analysis for each PD parameter according to whether their SC had or had not increased by 15% or more compared to the baseline level by the time PA-824 steady-state levels had been reached (day 8 or 9).
Using this analysis, change-from-baseline values for GFR, ERPF, FF, BUN, and UA generally all were similar for the PA-824 and placebo groups (data not shown). In the subset of PA-824 subjects whose SC values rose Ն15%, the mean CrCl and EGCE change-from-baseline values were modestly decreased at day 8 compared to those of the placebo group (Ϫ22.89 and Ϫ13.17 [P ϭ 0.0226] and Ϫ19.73 and Ϫ9.56 ml/ min/1.73 m 2 [P ϭ 0.0238], respectively); by day 15, the differences in change-from-baseline values between the PA-824 and placebo groups had disappeared.
Safety parameters. No serious AEs were reported in this study. A greater percentage of 1,000-mg-dose subjects (90% [9 of 10 subjects]) reported at least one AE than did 800-mg-dose subjects (52% [11 of 21 subjects]) or placebo subjects (38% [6 of 16 subjects]). Headache was the most com- mon AE, with 19% of the placebo subjects, 33% of the 800-mg-dose subjects, and 80% of the 1,000-mg-dose subjects reporting at least one headache. The principal investigator identified nine instances of prolonged corrected QT (QTc) intervals (by Bazett's formula), as summarized in Table 6 . Each of these was flagged as an AE; all were deemed mild in severity, did not require any action, and resolved without sequelae. The prolongations detected at day 8 were judged possibly to be related to the study drug, whereas those detected at checkout were noted as unlikely to be related to the drug. All other ECG abnormalities were considered by the principal investigator to be clinically insignificant. The principal investigator discontinued one subject (a 20-year-old female in the 1,000-mg-dose group) because of a severe generalized rash that occurred on day 9, approximately 32 h following the final dose administration. No other symptoms were observed. The subject was evaluated in the emergency room, and diphenhydramine, prednisone, and hydroxyzine were administered as concomitant therapy. The rash resolved approximately 11 days after onset. No other subjects were discontinued because of AEs.
One subject (a 23-year-old female in the 800-mg-dose group) completed the study with three ongoing AEs (mild proteinuria in the nephrotic range, mild hypoalbuminemia, and moderate iron deficiency). The subject's proteinuria decreased after the end of treatment and is now in the nonnephrotic range; the subject is being monitored periodically by a nephrologist and by trial site staff. A renal biopsy performed 20 months poststudy revealed focal segmental glomerulosclerosis, likely secondary type, although the subject remains fundamentally healthy, with normal renal function indices and no signs of peripheral edema or hypertension. A complete review of her screening and check-in laboratory values suggests that she had a preexisting undiagnosed clinical condition, including an atypical lipid profile, a BUN level below the lower limit of the normal range, and alanine aminotransferase and aspartate aminotransferase levels above the upper limit of the normal range at some baseline and/or screening evaluations. Furthermore, her eosinophil count was above normal at screening, at 6.7%, and progressively rose during the study to 8.9% by day 15, and she reported a personal and family history of allergies and rhinorrea.
DISCUSSION
This phase I, placebo-controlled, double-blind study was designed to characterize the renal effects of PA-824 at doses of 800 and 1,000 mg per day for 8 days in normal volunteers, as measured by changes in SC, GFR, ERPF, FF, CrCl, EGCE, BUN, and UA to determine the likely mechanism underlying the previously observed effect of PA-824 on circulating creatinine levels. The PK results of this study show that the C max and AUC values following the 800-and 1,000-mg PA-824 doses were similar on day 1 but significantly lower following an 800-mg dose than a 1,000-mg dose on day 8. The difference in exposure as measured by these two parameters was approximately 23%. Following the multiple daily administration of 800 . In the present study, it was anticipated that healthy volunteers administered 800 or 1,000 mg PA-824 for 8 days, but not those who received placebo, would show a reversible increase in circulating creatinine levels compared to the baseline, and that circulating creatinine levels in these subjects would return to prestudy levels at the end of a 7-day posttreatment washout period. As expected, SC values rose and declined in parallel with rising and falling plasma drug levels.
The statistical evaluation of changes from the baseline for PD measures of renal function (GFR, ERPF, FF, CrCl, SC, BUN, UA, and EGCE) showed that other than creatinine elevations, 800-and 1,000-mg PA-824 multiday dosing were not associated with clinically meaningful alterations in any of the other renal function parameters examined. Mean CrCl and EGCE values for each treatment group dropped transiently during the study, with a marginally larger effect in PA-824 groups than in the placebo group. The changes noted in CrCl are consistent with the increased levels of circulating creatinine observed in subjects treated with 800 or 1,000 mg/day PA-824. Similar changes during time in EGCE among PA-824 subjects are to be expected based on these CrCl effects and an overall lack of effect of PA-824 on GFR. Any changes noted over time for the remaining parameters were comparable to those seen in subjects administered placebo. The fact that the BUN and UA data were similar in the PA-824 and placebo groups further underscores the conclusion that PA-824 selectively elevates circulating creatinine levels without causing a clinically significant change in renal physiology.
A further rigorous analysis for possible effects of PA-824 on renal function was performed by comparing the changes from baseline in PD measures of renal function between the subset of PA-824-administered subjects exhibiting a potentially clinically meaningful increase of Ն15% (from baseline) in SC by either day 8 or 9 and those of subjects receiving placebo. This analysis further confirmed that there was not a clinically meaningful difference in renal function as measured by GFR, ERPF, FF, CrCl, BUN, UA, and EGCE between subjects receiving PA-824 and those receiving placebo.
These results demonstrate that PA-824-related increases in circulating creatinine observed with multiday dosing at 800 and 1,000 mg/day are reversible after drug administration is terminated and are not reflective of an effect on GFR, ERPF, or any of the other measures of renal function examined in this study. The increases in SC are explained most readily by the clinically benign phenomenon of the inhibition of the tubular secretion of creatinine, which manifests in the present study's data as a decrease in EGCE, a parameter that represents CrCL not attributable to glomerular filtration. The inhibition of tubular secretion has been described as an effect of several marketed drugs, including pyrimethamine, cimetidine, and trimethoprim (1, 5, 7, 8, 12, 14) .
Overall, the study findings indicate that, at a dose of up to 1,000 mg/day for 8 days, PA-824 is safe and well tolerated in healthy volunteers, and that the isolated and reversible increase in circulating creatinine observed after daily dosing with 800 or 1,000 mg PA-824 does not reflect a clinically meaningful impact on renal physiology. 
